Introduction {#s1}
============

The α-amino-5-methyl-3-hydroxy-4-isoxazole propionate (AMPA) receptor is a postsynaptic ionotropic glutamate receptor that mediates and shapes fast excitatory synaptic transmission. AMPA receptors are made up of four subunits, GluA1--GluA4, that can assemble and function as homomeric and heteromeric receptors ([@bib10]; [@bib46]). Changes in the number and subtype of receptors provide a wide range of diversity in biophysical and pharmacological properties and underlie many forms of synaptic plasticity ([@bib29]; [@bib40]; [@bib18]; [@bib9]). Additional diversity in AMPA receptor signaling is mediated through these receptors' association with auxiliary subunits that modulate trafficking and biophysical properties of the receptors to varying degrees ([@bib15]; [@bib32]; [@bib9]). Among the auxiliary proteins that associate with the AMPA receptor are the transmembrane AMPA receptor regulatory proteins (TARPs). The properties of AMPA receptors coassembled with TARPs in recombinant systems closely mimic those of native AMPA receptors ([@bib45]; [@bib21]). Given the important roles these receptors play in synaptic signaling, it is essential to gain a comprehensive understanding of the functional changes associated with TARP--AMPA receptor coassembly and the conformational correlates to these functional states.

A number of investigations have focused on the structure and mechanism of modulation of AMPA receptors with the TARP stargazin, also known as γ2 ([@bib6]; [@bib45]; [@bib26]; [@bib27]; [@bib3]; [@bib50]; [@bib4]; [@bib38]; [@bib47]; [@bib52]; [@bib8]; [@bib2]; [@bib48]; [@bib1]). These studies show that γ2 interacts with the lower lobe of the ligand-binding domain (LBD) and the preM1 linker via an electrostatic patch, which may stabilize closed cleft states of the LBD, enhancing agonist efficacy. Much less is known in terms of the modulatory mechanism of the other members of the TARP family. Of particular interest is the modulation in the presence of TARPs such as γ4, γ7, and γ8, where the receptor exhibits resensitization during the longer millisecond to second timescales in the continued presence of glutamate ([@bib20]). This resensitization is characterized by an increase in steady-state current of the receptor beyond the initial desensitization in the continued presence of glutamate, where the receptor shifts from a desensitized state back to the open state ([@bib21]). The resensitization property of the TARP γ8 along with its higher expression levels in the forebrain has proved to be extremely useful in selectively inhibiting forebrain neuronal excitability in epilepsy ([@bib22]; [@bib24]). Specifically, compounds such as LY3130481 and JNJ 55511118 have been shown to selectively block AMPA receptors associated with the TARP γ8, with very little effect on AMPA receptors in isolation or in complex with other TARPs, thus making them excellent candidate drugs for epilepsy ([@bib22]; [@bib24]; [@bib28]). Although these studies indicate that AMPA receptors must populate unique conformational states when in complex with the TARP γ8, which then allows for selective inhibition, what these states are and how they can be correlated to function are still largely unknown.

Using chimeras, [@bib36] were able to narrow down the region necessary for mediating the resensitization property to the second extracellular domain of the TARP γ8. On the basis of these functional data and existing structures, it is clear that the interactions at the extracellular domains are critical for mediating the modulatory properties of γ8. This interaction has recently been confirmed by the competitive antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo\[f\]quinoxaline (NBQX)-bound structure of the GluA2/GluA1 heteromeric receptor in complex with γ8 ([@bib19]). However, there is currently no structure of the receptor in complex with γ8 in the presence of glutamate; hence, the underlying mechanism of resensitization is still largely unknown.

The structures of the AMPA receptors show that in the desensitized state, the receptor exhibits varying degrees of decoupling across the dimers at the amino-terminal domain (ATD) as well as within the dimer at the LBD ([@bib14]; [@bib31]; [@bib49]). Conversely, both functional and structural studies show that stabilizing the dimer at the LBD with drugs such as cyclothiazide (CTZ) or the GluA2-L483Y mutation results in stabilizing the receptor in an open-channel state ([@bib51]; [@bib43]; [@bib44]; [@bib17]). Given that the ATD dimer--dimer interface as well as the interactions within the dimer in the LBD are critical in activation, we focused on investigating the conformational landscape in these regions to determine the mechanism underlying the resensitized state stabilized by γ8 interactions with the homomeric GluA2 AMPA receptor.

Single-molecule methods provide a window to the conformational landscape of the protein and hence yield a more comprehensive understanding of the states the protein explores ([@bib11], [@bib12], [@bib13]; [@bib23]; [@bib38]). Single-channel recordings for the AMPA receptors show a stepwise activation, with an increase in conductance level as each glutamate binds to each subunit within the tetrameric receptor ([@bib37]). Here we have used single-channel current recordings and single-molecule FRET (smFRET) to study the functional and conformational landscape of the receptor in the presence and absence of γ8 under apo (ligand-free) conditions, under agonist-bound conditions, and under conditions stabilizing the open-channel activated state of the receptor. Through these studies, we were able to correlate the functional properties to the conformational states and provide insight into the conformations and mechanisms underlying resensitization in AMPA receptors complexed with γ8.

Materials and methods {#s2}
=====================

Cloning and mutagenesis {#s3}
-----------------------

To generate a cysteine-light AMPA receptor for smFRET, we mutated the cysteine residues 89, 196, and 436 to serines in the GluA2-flip (unedited Q isoform) construct to obtain the cysteine-light GluA2 construct. For the measurement of intersubunit distance changes in the ATD of the AMPA receptor, a cysteine at position 23 was introduced in the cysteine-light GluA2 construct. This construct allows measurement across the dimers between the proximal B and D subunits at the ATD. For measurement of distances within the dimer, a cysteine was introduced at position 467 to measure the distance between the proximal A and D subunits at the LBD. These sites were chosen because they report on the specific distance being measured and because all other distances in the homomeric receptors are much longer and do not exhibit significant FRET. To investigate the effect of auxiliary protein γ8 on the AMPA receptor, we generated tandem constructs of the cysteine-light GluA2 mutants with γ8 in which the carboxy-terminus of GluA2 was appended to the amino-terminus of γ8 by a Gly--Ser linker using Gibson assembly. All mutagenesis was performed using standard site-directed mutagenesis procedures, and resulting constructs were analyzed by sequencing.

Functional characterization of the AMPA receptor constructs used for the smFRET experiments {#s4}
-------------------------------------------------------------------------------------------

We transfected HEK293 tsA201 cells at 40--50% confluency using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions with the relevant smFRET cysteine-light GluA2 or GluA2/γ8 tandem construct, and enhanced GFP DNA at a mass ratio of 1:0.5 µg per 2 ml of media. For whole-cell recordings, cells were replated after 4--6 h at a low density in fresh media containing 30 µM NBQX. Whole-cell patch-clamp recordings were performed 24--48 h after transfection using 3--5 mΩ resistance fire-polished borosilicate glass pipettes filled with the following internal solution: 135 mM CsF, 33 mM CsCl, 2 mM MgCl~2~, 1 mM CaCl~2~, 11 mM EGTA, and 10 mM HEPES, pH 7.4. The external solution was as follows: 150 mM NaCl, 1 mM CaCl~2~, and 10 mM HEPES, pH 7.4. Solutions with no added ligand, 10 mM glutamate, and 10 mM glutamate with 100 µM CTZ were locally applied to lifted cells using a stepper motor system (SF-77B; Warner Instruments) with triple-barrel tubing. Recordings were performed using an Axopatch 200B amplifier (Molecular Devices) at −60-mV hold potential, acquired at 10 kHz using pCLAMP10 software (Molecular Devices), and filtered online at 5 kHz. Resensitization was quantified as the percentage of the ratio of the steady-state current to the initial peak current response evoked by the application of 10 mM glutamate.

Single-channel recordings {#s5}
-------------------------

Recordings were performed on cells (cell-attached mode) transfected with GluA2 WT and GluA2 WT/γ8, cotransfected with GFP at a microgram ratio of 1:1, 8--24 h after transfection. Pipettes with 8--15 MΩ resistance were filled with 150 mM NaCl, 1 mM CaCl~2~, 10 mM HEPES, and 10 mM glutamate or 10 mM glutamate with 100 µM CTZ. Data were acquired at 50 kHz and low--pass filtered at 5--10 kHz (Axon 200B and Digidata 1550A; Molecular Devices). Pipette holding potential was 100 mV. Data were further filtered at 1 kHz ([@bib39]). All recordings were idealized using the segmental k-means algorithm of QuB ([@bib34]; [@bib33]). Given the high conductance and high probability of opening in the presence of CTZ and TARP γ8, recordings with a single highest conductance level were used as a measure to ensure that the recordings were from single channels.

The kinetic model used three closed and two open levels. After the idealized recording was visually inspected and noise spikes were removed, open and shut times were exported to the Channel Lab program (Synaptosoft), and histograms of the dwell times were displayed and fitted with log-likelihood log-binned subroutines ([@bib51]). The mean open time, mean shut time, and open probability were obtained using Channel Lab with an imposed dead time of 100 µs. Bursts of openings were defined as activations separated by shut times shorter than *t*~crit~ of 2--5 ms, which were calculated from the shut-time distribution ([@bib7]).

The conductance levels obtained from the idealized data were used to generate the transition occurrence maps. Briefly, the number of times each possible transition from one conductance level to another occurred was counted. This process was repeated for several representative traces from each condition. The number of each state-to-state transition under a given condition was then divided by the total recording length of the traces used to observe those transitions. Then, the occurrence of each transition was used to build a left matrix for each condition with state-to-itself transitions along the diagonal fixed to zero. The matrices obtained in this way were then used to generate 3-D surface plots in Origin (OriginLab Corp.).

smFRET measurements {#s6}
-------------------

HEK293T cells were transfected using the manufacturer's protocol for jetPRIME (Polyplus-transfection) with 3 µg of DNA and grown in media containing 30 µM NBQX. The cells were harvested after 48 h and washed with extracellular buffer (160 mM NaCl, 1.8 mM MgCl~2~, 1 mM CaCl~2~, 3 mM KCl, 10 mM glucose, and 10 mM HEPES, pH 7.4). The cells were then labeled with 300 nM each of maleimide derivatives of Alexa Fluor 555 donor and Alexa Fluor 647 acceptor fluorophores (Invitrogen). After being washed to remove excess fluorophores, the cells were solubilized by nutating in the dark for 1 h in chilled PBS containing 10 mM lauryl maltose neopentyl glycol and 0.25 mM cholesteryl hemisuccinate with protease inhibitor (Thermo Fisher Scientific). The lysed cells were centrifuged at 100,000×*g* at 4°C for 1 h, and the supernatant was used for smFRET sample preparation. Slides for smFRET studies were prepared and measurements taken as described previously ([@bib11]; [@bib25]). A 1-ms resolution was used to acquire the photon counts produced per donor and acceptor excitation, then binned to 5 ms and denoised with wavelet decomposition ([@bib56]; [@bib55]). The background-corrected signal was used to calculate the FRET efficiency using the equation:$$E_{A} = ~\frac{I_{A}}{I_{A} + ~I_{D}},$$where *E~A~* is the apparent FRET efficiency, *I~A~* is the background-corrected acceptor fluorescence intensity, and *I~D~* is the background-corrected donor fluorescence intensity. Step transition and state identification analysis was used to determine the ideal number of states for the distribution of FRET efficiencies found in the obtained FRET data ([@bib41]). Observed efficiency histograms were fit to Gaussian distributions. Distance was determined from the FRET efficiencies using the Förster equation:$$E = {(1 + \lbrack{(\frac{R}{R_{0}})}^{6}\rbrack)}^{- 1},$$where *R* is the distance between the dyes and *R*~0~ is the distance at half-maximal efficiency. The *R*~0~ is 51 Å for the Alexa Fluor 555--Alexa Fluor 647 fluorophore pair used for these experiments.

### Dwell times {#s7}

The denoised traces were analyzed using hidden Markov analysis software (HaMMy; [@bib30]) to obtain state transitions and dwell times. The dwell-time distributions were then plotted using Origin and fit to an exponential decay function to determine the lifetimes. Because of experimental constraints related to fluorophore photobleaching and data binning, only dwell times longer than 5 ms and shorter than a few seconds can be detected.

Statistics {#s8}
----------

All electrophysiological data were statistically analyzed using one-way ANOVA followed by pairwise comparisons using Bonferroni's multiple comparisons test. These tests were performed using GraphPad Prism software (GraphPad Software). For all tests, P \< 0.05 was considered significant. The number of patches used was six for WT, four for GluA2 in the presence of glutamate and CTZ, and six for GluA2 in the presence of glutamate and γ8.

For smFRET, data were analyzed using Origin 9.0 (OriginLab Corp.), MATLAB (MathWorks), and Excel (Microsoft Corp.). At least two experiments were performed for each of the conditions. The numbers of molecules used for the histograms for D23C Apo, D23C/γ8 apo, D23C/γ8 glutamate, L467C apo, L467C glutamate, L467C glutamate + CTZ, L467C/γ8 apo, and L467C/γ8 glutamate were 37, 35, 36, 37, 36, 30, 42, and 51, respectively.

Online supplemental material {#s9}
----------------------------

[Fig. S1](#figS1){ref-type="fig"} shows additional single-channel traces for GluA2 and GluA2 in the presence of glutamate and CTZ, and for GluA2 in the presence of glutamate and γ8. [Fig. S2](#figS2){ref-type="fig"} shows whole-cell recordings provided for D23C and L467C mutants with and without γ8 (tandem) and compared with those of WT receptors, and percentage resensitization due to γ8 is shown from at least three cells. These data show that the modified receptors used in smFRET experiments demonstrate function similar to that of the WT receptor. [Fig. S3](#figS3){ref-type="fig"} shows representative smFRET trace at the donor and acceptor emission wavelength showing a single photobleaching step and anticorrelation.

![**Representative single-channel currents in cell-attached mode in the presence of 10 mM glutamate (related to [Fig. 1](#fig1){ref-type="fig"}).** Each trace is from a different patch and shows variability in different patches.](JGP_201912451_FigS1){#figS1}

![**Representative whole-cell recordings of HEK cells expressing WT GluA2, GluA2-D23C, and GluA2-L467C.** **(A)** Each receptor alone. **(B)** Each receptor in tandem with γ8. **(C)** Summary data show the percentage resensitization of the constructs in tandem with γ8. Error bars are SEM. Resensitization (%) was quantified as the percentage of the ratio of the steady-state current to the initial peak current response evoked by the application of 10 mM glutamate.](JGP_201912451_FigS2){#figS2}

![**Representative smFRET trace obtained with donor excitation and detected in the donor and acceptor emission wavelengths.** The trace shows a single photobleaching step for the acceptor (green) and a single photobleaching step for the donor (blue). Only traces showing a single photobleaching step with anticorrelation between the donor and acceptor fluorophores were considered for the smFRET analysis. FRET efficiencies were determined from the donor and acceptor intensities before photobleaching.](JGP_201912451_FigS3){#figS3}

Results {#s10}
=======

Functional landscape studies by single-channel recordings {#s11}
---------------------------------------------------------

Example traces of single-channel currents activated by 10 mM glutamate in cell-attached patch recordings from cells expressing GluA2 homomeric receptors are shown in [Fig. 1 A](#fig1){ref-type="fig"}. The single-channel current recordings for the GluA2 homomeric receptor show primarily closed states with brief openings primarily to the low-amplitude subconductance levels ([Fig. 1, A and B](#fig1){ref-type="fig"}, [Fig. S1](#figS1){ref-type="fig"}, and [Table 1](#tbl1){ref-type="table"}). The low probability of opening ([Fig. 2](#fig2){ref-type="fig"}) is consistent with nearly complete desensitization observed in the presence of 10 mM glutamate ([Fig. S2](#figS2){ref-type="fig"}). Additionally, a stepwise transition to the next higher/lower conductance level is observed, as seen in the transition probability maps obtained from the single-channel traces ([Fig. 1 C](#fig1){ref-type="fig"}). These results are consistent with those previously reported for the homomeric AMPA receptors ([@bib39]; [@bib51]).

![**γ8 induces a GluA2 receptor subconductance landscape similar to that in the presence of CTZ. (A)** Single-channel currents recorded from GluA2 WT homomeric receptor alone, as the tandem construct with γ8, and in the presence of 100 µM CTZ during continuous application of 10 mM glutamate. Openings are shown as downward deflections. **(B)** Amplitude histograms of single-channel events from patches fitted with two Gaussian components. **(C)** Maps of the transitions between conductance levels.](JGP_201912451_Fig1){#fig1}

###### Conductance levels, open-time events, and shut-time events for GluA2 receptor alone, in tandem with γ8, and in the presence of CTZ

  Conductance level (pS)      GluA2                           GluA2/γ8                                                  GluA2 + CTZ
  --------------------------- ------------------------------- --------------------------------------------------------- ---------------------------------------------------------
  1                           7.0 ± 0.4 (71.0 ± 2.0%)         7.0 ± 1.0 (3.5 ± 0.5%)[a](#t1n1){ref-type="table-fn"}     7.0 ± 0.5 (4.5 ± 0.25%)[a](#t1n1){ref-type="table-fn"}
  2                           14.0 ± 1.9 (21.0 ± 2.0%)        14.0 ± 0.8 (10.5 ± 1%)[a](#t1n1){ref-type="table-fn"}     14.0 ± 0.5 (12.5 ± 0.6%)[a](#t1n1){ref-type="table-fn"}
  3                           22.0 ± 0.9 (3.5 ± 1.1%)         22.0 ± 1.4 (16.0 ± 4.0%)[a](#t1n1){ref-type="table-fn"}   22.0 ± 1.7 (19.0 ± 9.0%)[a](#t1n1){ref-type="table-fn"}
  4                           ---                             37.0 ± 1.5 (75.0 ± 12.0%)                                 37.0 ± 2.1 (72.0 ± 10.0%)
  **Mean open period (ms)**   2.0 ± 0.4                       17.0 ± 1.6[b](#t1n2){ref-type="table-fn"}                 31.4 ± 1.6[a](#t1n1){ref-type="table-fn"}
  **Open events**                                                                                                       
  τ1                          1.0 ± 0.3 (89.0 ± 3.0%)         0.8 ± 0.1 (78.0 ± 11.0%)                                  0.5 ± 0.15 (20 ± 6.0%)
  τ2                          8.2 ± 2.2 (10.0 ± 2.0%)         9.0 ± 5.0 (13.0 ± 5.0%)                                   38.0 ± 5.0 (80.0 ± 13%)
  τ3                          ---                             81.0 ± 16.0 (9.0 ± 4.0%)                                  ---
  **Mean shut period (ms)**   479.0 ± 57.0                    36.8 ± 10.5[a](#t1n1){ref-type="table-fn"}                10.3 ± 0.7[a](#t1n1){ref-type="table-fn"}
  **Shut events**                                                                                                       
  τ1                          5.6 ± 0.3 (27.2 ± 4.1%)         0.7 ± 0.3 (70 ± 10.0%)                                    0.7 ± 0.1 (49.2 ± 4.5%)
  τ2                          203.5 ± 14.0 (50.0 ± 9.0%)      4.6 ± 1.4 (15 ± 5.0%)                                     5.0 ± 1.0 (34.2 ± 7.6%)
  τ3                          1,093.0 ± 162.0 (22.0 ± 5.0%)   60.0 ± 10.0 (11.0 ± 7.0%)                                 48.0 ± 5.0 (16.6 ± 3.6%)
  τ4                          ---                             527.0 ± 183.0 (5.0 ± 3.0%)                                ---

Percentage of occurrence for each level or event is shown next to its value in parentheses. The error in the lifetimes is the SE of the fit. The table is related to [Figs. 1](#fig1){ref-type="fig"} and [3](#fig3){ref-type="fig"}.

P \< 0.001 compared with GluA2.

P \< 0.01 compared with GluA2.

![**Open probability of GluA2 receptors.** Open probability (P~o~) of GluA2 receptors in the absence of CTZ, in tandem with γ8, and in the presence of CTZ. Error bars are SEM.](JGP_201912451_Fig2){#fig2}

The single-channel currents for GluA2/γ8 receptors 10 mM glutamate, however, show primarily a population of the high-conductance states ([Fig. 1, A and B](#fig1){ref-type="fig"}, [Fig. S1](#figS1){ref-type="fig"}, and [Table 1](#tbl1){ref-type="table"}) and opening to the two highest conductance levels, as seen from the transition maps ([Fig. 1 C](#fig1){ref-type="fig"}). In addition to populating the higher conductance level, the probability of opening is also higher (0.42 ± 0.08) for GluA2/γ8 receptors ([Fig. 2](#fig2){ref-type="fig"}). This higher probability of opening is consistent with resensitization observed for the GluA2/γ8 receptors in the continued presence of 10 mM glutamate ([Fig. S2](#figS2){ref-type="fig"}; [@bib4]).

Given that resensitization leads to an increase in channel-opening events in GluA2/γ8 receptors, we also studied the gating properties of GluA2 receptors under conditions stabilizing the open-channel state by adding 100 µM CTZ. The single-channel traces again show primarily a population of the high conductance levels ([Fig. 1, A and B](#fig1){ref-type="fig"}, [Fig. S1](#figS1){ref-type="fig"}, and [Table 1](#tbl1){ref-type="table"}), and similar to what is seen for GluA2/γ8 receptors, the transitions are mainly from the closed state to the higher conductance levels ([Fig. 1 C](#fig1){ref-type="fig"}). Because CTZ stabilizes the open-channel state, the probability of opening (0.74 ± 0.004) is high ([Fig. 2](#fig2){ref-type="fig"}). This is again consistent with the whole-cell currents recorded under saturating concentrations of glutamate in the presence of CTZ.

To characterize the kinetics, we constructed dwell-time distributions of open and closed events and fitted these with multiple component exponentials ([Fig. 3](#fig3){ref-type="fig"}). We did not separate the events on the basis of conductance, because the receptors under the conditions being studied had a significant fraction in the highest conductance level. The open time events for the GluA2 homomeric receptor in the presence of 10 mM glutamate and 100 µM CTZ and the GluA2/γ8 receptors in the presence of 10 mM glutamate could be fit to both short- and long-lived states ([Fig. 3 A](#fig3){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). The difference between GluA2 receptors in the presence of CTZ and GluA2/γ8 receptors is that GluA2 in the presence of CTZ primarily (80%) exhibited openings that could be fit to a lifetime of 38 ms, whereas GluA2/γ8 receptors have primarily brief events, with 78% of events that had a lifetime of \<1 ms and 10% being longer than that observed for CTZ with a lifetime of 81 ms ([Table 1](#tbl1){ref-type="table"}). The closed time histograms also show differences between the two conditions ([Fig. 3 B](#fig3){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}), with the GluA2/γ8 receptors exhibiting 70% short closed lifetimes of \<1 ms compared with 49% in the case of GluA2 receptors in the presence of CTZ. Additionally, a small fraction of the GluA2/γ8 receptors exhibited the very long closed time of 527 ms, whereas the longest-lived states for GluA2 receptors in the presence and absence of CTZ had a lifetime of 48 ms ([Table 1](#tbl1){ref-type="table"}).

![**Dwell-time distribution of GluA2 receptors from single-channel recordings. (A)** Open time. **(B)** Shut time. **(C)** Burst duration dwell-time distributions for GluA2 receptor alone, in GluA2/γ8, and in GluA2 in the presence of CTZ, with 10 mM glutamate. SQRT, square root.](JGP_201912451_Fig3){#fig3}

To correlate these functional properties of GluA2 receptors to conformations, we probed the changes at the interfaces of the ATD and LBD that have previously been shown to be sites of large changes ([@bib31]; [@bib17]) during activation and desensitization using smFRET measurements.

Conformational landscape at the dimer--dimer interface of the ATD {#s12}
-----------------------------------------------------------------

To study the conformational landscape at the ATD of the GluA2 receptor in the presence and absence of γ8, we have used a cysteine-light GluA2 receptor and introduced cysteine at site 23. This site is ideal for probing the conformational decoupling across the dimer--dimer interface at the ATD ([Fig. 4](#fig4){ref-type="fig"}). The modified smFRET construct exhibits properties similar to those of the WT GluA2 receptor and also has resensitization properties in the presence of γ8 similar to those observed for the WT receptor ([Fig. S2](#figS2){ref-type="fig"}). For the smFRET measurements, only traces exhibiting single photobleaching steps for the donor and acceptor with anticorrelation between the two were chosen ([Fig. S3](#figS3){ref-type="fig"}). Representative smFRET traces in the FRETing region, along with the normalized FRET efficiency histogram for the GluA2 receptor D23C mutant in the ligand-free (apo), glutamate and CTZ-bound (open) states ([@bib38]) and the glutamate-bound (desensitized) state ([@bib38]) are shown in [Fig. 4, A--C](#fig4){ref-type="fig"}, and the corresponding traces and efficiency histograms for the GluA2/γ8 receptors are shown in [Fig. 4, D and E](#fig4){ref-type="fig"}.

![**Conformational landscape at the ATD of the GluA2 receptor.** **(A--E)** smFRET histograms for site 23 of the GluA2 receptor under (A) unliganded apo condition, (B) open condition (in the presence of 1 mM glutamate + 100 µM CTZ), (C) desensitized condition (in the presence of 1 mM glutamate), (D) in tandem with γ8 in unliganded apo condition, and (E) in tandem with γ8 in the desensitized condition (in the presence of 1 mM glutamate). Corresponding representative smFRET traces are shown above each histogram. Denoised smFRET histograms are in red, and observed histograms with Gaussian fits are in gray. **(F)** Fluorophore attachment site 23 at the ATD of GluA2 receptors shown in the side view and top view of full-length GluA2 receptor (PDB accession no. [4U2P](4U2P); apo).](JGP_201912451_Fig4){#fig4}

The smFRET efficiency histograms show that in the apo state, the GluA2 receptor as well as the GluA2/γ8 receptors exhibit profiles similar to those of the receptor existing primarily in high FRET states 0.88 ± 0.01 and 0.92 ± 0.01 efficiency, corresponding to distances of 37 ± 0.5 Å and 34 ± 0.8 Å, respectively ([Table 2](#tbl2){ref-type="table"}). A smaller fraction is observed at FRET efficiencies of 0.53 ± 0.02 and 0.64 ± 0.02, which correspond to distances of 50 ± 0.7 Å and 46 ± 0.7 Å, respectively. These distances correlate well with the distances within and across the dimer in the known apo state structures of AMPA with distances of 35 Å and 50 Å, respectively (PDB accession no. [4U2P](4U2P)). Given the similarities in the smFRET histograms for the apo state of the GluA2 receptor as well as the GluA2/γ8 receptors, we can conclude that the conformational landscape at the dimer--dimer interface is not significantly altered due to the presence of γ8 in the apo resting state of the GluA2 receptor.

###### smFRET conformational states occupied by AMPA receptor

  Construct                                                               State     Occupancy (%)   StaSI efficiency state   FRET distance (Å)   Gaussian state                                  Cα--Cα structure distance (Å)
  ----------------------------------------------------------------------- --------- --------------- ------------------------ ------------------- ----------------------------------------------- -------------------------------
  **AMPA receptor (D23C) apo**                                            State 1   94.55           0.88                     37 ± 0.5            0.88 ± 0.01                                     35
  ([4U2P](4U2P)[a](#t2n1){ref-type="table-fn"})                                                                                                                                                  
  State 2                                                                 5.45      0.55            50 ± 0.7                 0.53 ± 0.02         41                                              
  ([5L1B](5L1B)[a](#t2n1){ref-type="table-fn"})                                                                                                                                                  
  **AMPA receptor (D23C)/γ8 apo**                                         State 1   87.72           0.89                     34 ± 0.8            0.92 ± 0.01                                     
  State 2                                                                 12.28     0.61            46 ± 0.7                 0.64 ± 0.02                                                         
  **AMPA receptor (D23C) Glu + CTZ**[**b**](#t2n2){ref-type="table-fn"}   State 1   69.18           0.89                     35 ± 0.7            0.90 ± 0.01                                     41
  ([4UQK](4UQK)[c](#t2n3){ref-type="table-fn"})                                                                                                                                                  
  43                                                                                                                                                                                             
  State 2                                                                 30.82     0.76            42 ± 0.8                 0.76 ± 0.02         ([6DLZ](6DLZ)[c](#t2n3){ref-type="table-fn"})   
  44                                                                                                                                                                                             
  ([5WEO](5WEO)[c](#t2n3){ref-type="table-fn"})                                                                                                                                                  
  **AMPA receptor (D23C) Glu**[**b**](#t2n2){ref-type="table-fn"}         State 1   17.0            0.90                     34 ± 2.3            0.92 ± 0.03                                     33
  State 2                                                                 35.8      0.75            42 ± 0.4                 0.76 ± 0.01         ([4U1Y](4U1Y)[d](#t2n4){ref-type="table-fn"})   
  State 3                                                                 44.4      0.60            48 ± 0.3                 0.60 ± 0.01         41                                              
  State 4                                                                 2.1       0.44            52 ± 0.7                 0.46 ± 0.02         ([5VHZ](5VHZ)[d](#t2n4){ref-type="table-fn"})   
  **AMPA receptor (D23C)/γ8 Glu**                                         State 1   54.95           0.91                     32 ± 1.0            0.94 ± 0.01                                     
  State 2                                                                 45.05     0.70            42 ± 1.1                 0.76 ± 0.03                                                         
  **AMPA receptor (L467C) apo**                                           State 1   74.41           0.90                     34 ± 0.8            0.92 ± 0.01                                     33
  ([4U2P](4U2P)[a](#t2n1){ref-type="table-fn"})                                                                                                                                                  
  State 2                                                                 25.59     0.68            45 ± 0.7                 0.68 ± 0.02         33                                              
  ([5L1B](5L1B)[a](#t2n1){ref-type="table-fn"})                                                                                                                                                  
  **AMPA receptor (L467C)/γ8 apo**                                        State 1   65.74           0.92                     34 ± 0.8            0.92 ± 0.01                                     
  State 2                                                                 34.26     0.72            44 ± 0.7                 0.72 ± 0.02                                                         
  **AMPA receptor (L467C) Glu + CTZ**                                     State 1   40.60           0.94                     31 ± 2.1            0.95 ± 0.02                                     33
  ([4UQK](4UQK)[c](#t2n3){ref-type="table-fn"})                                                                                                                                                  
  State 2                                                                 17.91     0.87            38 ± 1.0                 0.86 ± 0.02         34                                              
  ([6DLZ](6DLZ)[c](#t2n3){ref-type="table-fn"})                                                                                                                                                  
  State 3                                                                 24.34     0.77            42 ± 1.9                 0.75 ± 0.05         34                                              
  State 4                                                                 17.15     0.61            47 ± 0.3                 0.61 ± 0.1          ([5WEO](5WEO)[c](#t2n3){ref-type="table-fn"})   
  **AMPA receptor (L467C)/γ8 Glu**                                        State 1   35.89           0.94                     30 ± 2.6            0.96 ± 0.02                                     
  State 2                                                                 29.68     0.83            39 ± 2.4                 0.84 ± 0.05                                                         
  State 3                                                                 17.34     0.70            44 ± 2.5                 0.70 ± 0.07                                                         
  State 4                                                                 17.09     0.55            50 ± 1.3                 0.52 ± 0.04                                                         
  **AMPA receptor (L467C) Glu**                                           State 1   27.32           0.89                     35 ± 1.4            0.91 ± 0.02                                     33
  State 2                                                                 52.32     0.76            42 ± 0.8                 0.77 ± 0.02         ([4U1Y](4U1Y)[d](#t2n4){ref-type="table-fn"})   
  State 3                                                                 16.64     0.60            48 ± 3.3                 0.58 ± 0.1          40                                              
  State 4                                                                 3.72      0.46            53 ± 3.6                 0.42 ± 0.1          ([5VHZ](5VHZ)[d](#t2n4){ref-type="table-fn"})   

STaSI, step transition and state identification used to determine the states as stated in Materials and methods. Gaussian states were obtained from fitting the observed data.

Structures [4U2P](4U2P) and [5L1B](5L1B) represent the apo structure of the receptor.

Data from [@bib38].

Structures [4UQK](4UQK), [6DLZ](6DLZ), and [5WEO](5WEO) represent the open structure of the receptor.

Structures [4U1Y](4U1Y) and [5VHZ](5VHZ) represent the desensitized structure of the receptor.

Comparing the smFRET efficiency histogram for the glutamate-bound form of the GluA2/γ8 receptors with that of the previously reported data for GluA2 receptors bound to glutamate in the presence of CTZ, it is clear that the two have similar high FRET efficiency states at 0.94 ± 0.01 and 0.90 ± 0.01, respectively. Additionally, glutamate-bound forms of both GluA2/γ8 receptors and GluA2 receptors show a lower efficiency state. This low-efficiency FRET state could correspond to the fraction of the receptors in a desensitized state. This assignment is consistent with previously published data showing minimal high FRET efficiency states in GluA2 receptors bound to glutamate where the receptor is primarily in the desensitized state ([Fig. 4 C](#fig4){ref-type="fig"}; [@bib38]). The assignment of the high FRET state to an open-channel state is further validated by the correlation between the percentages in this state with single-channel recording: 55% of the glutamate-bound form of GluA2/γ8 receptors and 70% of GluA2 receptors in the presence of CTZ are in the high FRET state in the smFRET data. This is similar to the open-channel fractions of 0.42 and 0.74 determined from the single-channel recordings.

The dwell times for the transitions from the high FRET state to the low FRET state (decoupling of the interface) and from the low FRET state to the high FRET state (coupling of the interface) are shown in [Fig. 5](#fig5){ref-type="fig"}. The data for all transitions could be fit with a single exponential decay. The lifetimes for the transition from the coupled to decoupled state of 40 ± 5 ms and 68 ± 14 ms for glutamate-bound GluA2 in the presence of CTZ and glutamate-bound GluA2/γ8 receptors, respectively, are in close agreement with longer open-channel lifetimes of 38 ± 5 ms and 81 ± 16 ms determined from the single-channel recordings. Similarly, the dwell times for the reverse transition from the decoupled to coupled state can be fit to lifetimes of 42 ± 4 ms and 144 ± 59 ms for glutamate-bound GluA2 in the presence of CTZ and glutamate-bound GluA2/γ8 receptors, respectively, and show trends similar to those of the longer closed-channel lifetimes of 48 ± 5 ms for glutamate-bound GluA2 in the presence of CTZ and two lifetimes of 60 ± 10 ms and 527 ± 183 ms for glutamate-bound GluA2/γ8.

![**Dwell-time distributions for transitions between the smFRET states at site 23.** **(I)** Comparison of dwell times for transitions in GluA2/γ8 and in the presence of glutamate between (A) the high FRET state 1 to the low FRET state 2 and between (B) the low FRET state 2 to the high FRET state 1. **(II)** Comparison of dwell times for transitions in GluA2 in the presence of CTZ and glutamate between (A) the high FRET state 1 and the low FRET state 2 and between (B) the low FRET state 2 and the high FRET state 1.](JGP_201912451_Fig5){#fig5}

Conformational landscape within the dimer interface at the LBD {#s13}
--------------------------------------------------------------

To characterize the conformational landscape at the LBD, we focused on the interface within the dimer because this has been established to be a region critical in activation and desensitization of the receptor ([@bib17]; [@bib44]). Site 467 is ideal for these measurements because it is able to differentiate distances within and across the dimers ([Fig. 6](#fig6){ref-type="fig"}). The function of the construct with cysteine at site 467 in the cysteine-light GluA2 receptor is similar to that of the WT receptor with and without γ8 ([Fig. S2](#figS2){ref-type="fig"}). Representative smFRET traces along with the normalized FRET efficiency histogram for GluA2 receptor L467C mutant and GluA2/γ8 L467C mutant receptor are shown in [Fig. 6](#fig6){ref-type="fig"}. Similar to the results at the ATD, the smFRET efficiency histograms show that in the unliganded apo state, the GluA2 receptor as well as the GluA2/γ8 receptors exhibit similar profiles, with the receptor existing primarily in a high FRET state of 0.92 ± 0.01 efficiency ([Table 2](#tbl2){ref-type="table"}).

![**Conformational landscape at the LBD of the GluA2 receptor.** smFRET histograms for site 467 of the GluA2 receptor under (A) unliganded apo condition, (B) open condition (in the presence of 1 mM glutamate + 100 µM CTZ), (C) desensitized condition (in the presence of 1 mM glutamate), (D) in tandem with γ8 in unliganded apo condition, and (E) in tandem with γ8 in the desensitized condition (in the presence of 1 mM glutamate). Corresponding representative smFRET traces are shown above each histogram. Denoised smFRET histograms are in red, and observed ligand-binding terminal domain of GluA2 receptors is shown in the side view and top view of full-length GluA2 receptor (PDB accession no. [4U2P](4U2P); apo).E~A~, apparent FRET efficiency.](JGP_201912451_Fig6){#fig6}

The smFRET histograms of the glutamate-bound form of GluA2/γ8 receptors and the glutamate-bound form of the GluA2 receptor in the presence of CTZ ([Fig. 6](#fig6){ref-type="fig"}) exhibit a high efficiency state (0.96 ± 0.02 and 0.95 ± 0.02, respectively; [Table 2](#tbl2){ref-type="table"}). The smFRET histograms for GluA2 in the presence of glutamate and without CTZ show primarily larger distances, indicating a decoupling interface consistent with the protein being primarily desensitized under these conditions. The similar high FRET states for GluA2/γ8 receptors and the glutamate-bound form of the GluA2 receptor in the presence of CTZ indicate that the resensitized state of the glutamate-bound GluA2/γ8 receptors is similar at this interface to that seen in the glutamate- and CTZ-bound GluA2 receptors, albeit with a lower fraction between coupled state relative to decoupled as expected on the basis of open probabilities.

The lifetimes ([Fig. 7](#fig7){ref-type="fig"}) from the highest FRET efficiency state (0.96) to the lower FRET efficiency state (0.84) are 32 ± 3 ms for glutamate-bound GluA2 in the presence of CTZ and 74 ± 1.3 ms for glutamate-bound GluA2/γ8 receptors. These smFRET lifetimes again correspond closely to the longer open durations in single-channel recording for glutamate-bound GluA2 in the presence of CTZ (38 ± 5 ms) and glutamate-bound GluA2/γ8 (81 ± 16 ms) receptors, respectively. There are several decoupled states observed at the LBD for both glutamate-bound GluA2 in the presence of CTZ and glutamate-bound GluA2/γ8 receptors; however, the lower FRET states 3 and 4 ([Table 1](#tbl1){ref-type="table"}) had very few transitions (50 or fewer) and did not provide enough events to have statistical significance. The transitions from state 2 to state 1 could be fit to one exponential decay and had lifetimes of 37 ± 5 ms and 50 ± 10 ms for glutamate-bound GluA2 in the presence of CTZ and glutamate-bound GluA2/γ8 receptors, respectively. These are again similar to longer closed-channel dwell times of 48 ± 5 ms for glutamate-bound GluA2 in the presence of CTZ and 60 ± 10 ms for glutamate-bound GluA2/γ8 seen in the single-channel recordings.

![**Dwell time distributions for transitions between the smFRET states at site 467.** **(I)** Comparison of dwell times for transitions in GluA2/γ8 and in the presence of glutamate between (A) the high FRET state 1 and the low FRET state 2 and between (B) the low FRET state 2 and the high FRET state 1. **(II)** Comparison of dwell times for transitions in GluA2 in the presence of CTZ and glutamate between (A) the high FRET state 1 and the low FRET state 2 and between (B) the low FRET state 2 and the high FRET state 1.](JGP_201912451_Fig7){#fig7}

The direct correlations between the first coupling/decoupling step at the LBD dimer interface for glutamate-bound GluA2/γ8 with the longer dwell time for closed-/open-channel states in the single-channel recordings further confirm the assignment that the coupling of the dimer interface at the LBD contributes to the resensitized open-channel state, and this is similar to that observed in glutamate-bound GluA2 in the presence of CTZ.

Discussion {#s14}
==========

A large number of structures are available for the AMPA receptor in various liganded conditions, in addition to structures of the receptor in the presence of the auxiliary protein γ2 ([@bib14]; [@bib42]; [@bib49]; [@bib52]; [@bib47]; [@bib48]; [@bib5]; [@bib31]). In addition, spectroscopic and biochemical investigations have provided a map of the conformational and functional landscape of the receptor under these conditions ([@bib16]; [@bib17]; [@bib35]; [@bib27]). Much less is known of the modulation of the AMPA receptor by auxiliary subunit γ8 and the mechanism of resensitization that occurs in its presence. A recent structure has been published for GluA2 receptors in complex with γ8 that showed a number of similarities to prior structures of GluA2 in complex with γ2 that demonstrate extensive interactions at the transmembrane segments and at the pretransmembrane segments ([@bib19]). This structure, however, is in the presence of competitive antagonist NBQX; hence, glutamate-induced conformational changes underlying resensitization are still unknown ([@bib19]). Here, we have used single-channel and smFRET measurements to study the functional and conformational landscape of homomeric GluA2 receptors in the presence and absence of γ8 to gain an understanding of the functional and conformational states underlying resensitization.

The smFRET investigations presented here reveal that the conformational landscape representing the resensitized state of GluA2/γ8 receptors in the presence of 10 mM glutamate is similar to that of GluA2 with 10 mM glutamate stabilized in the open condition by CTZ, both at the dimer--dimer interface at the ATD and at the interface within the dimer in the LBD. More importantly, we show that the slower transitions at these interfaces can be directly correlated to the burst events, as observed in the single-channel recordings showing a direct correlation of conformation and function at the single-molecule level. The data also indicate that γ8 has long-range effects on the receptor, even though the cryo-EM structure shows that its interactions are primarily in the transmembrane segments and LBD. Such long-range tighter coupling has previously been observed in both smFRET experiments ([@bib38]) and cross-linking experiments ([@bib3]) of GluA2 receptors with γ2. However, the extent of coupling is larger for GluA2 receptors with γ8 than has been seen with GluA2 receptors with γ2, which in turn correlates to the differences in modulatory properties of the two, with resensitization being observed only in the presence of γ8.
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